Background/Aims: We assessed the effects of ticagrelor, aspirin and prasugrel, started 7days after myocardial ischemia-reperfusion injury on remodeling, inflammation and fibrosis in the rat. We examined whether ticagrelor can affect the number of progenitor cells in the border zone. Ticagrelor, started 24h after myocardial ischemia-reperfusion injury, attenuates the decrease in heart function and adverse remodeling, an effect which is blocked by aspirin. Methods: Rats underwent 40min ischemia followed by reperfusion. Oral dosing with vehicle, ticagrelor (300mg/kg/d), aspirin (20mg/kg/d), their combination or prasugrel (15mg/kg/d) started 7days after infarction. Echocardiography was used to assess systolic function. Heart tissue were analyzed by rt-PCR, immunoblotting, ELISA and immunohistochemistry 2weeks after infarction. Results: Both ticagrelor and aspirin attenuated the decrease in systolic function and remodeling, an effect that was blocked by their combination. Ticagrelor and aspirin attenuated the increase in ANP, BNP, collagen-I and collagen-III. Again, the effect was blocked by their combination. Ticagrelor increased c-Kit, Sca-1, Ki-67, CD34, attenuated the decrease in CD105 mRNA levels, and attenuated the increase in CD31, whereas aspirin increased Ki-67, suppressed the increase in CD31 and attenuated the decrease in CD105 Birnbaum et al.: Ticagrelor Improves Remodeling After Myocardial Infarction mRNA levels. Prasugrel did not display any effects. Conclusion: Ticagrelor attenuated adverse remodeling and deterioration of left ventricular systolic function despite starting treatment after the myocardial ischemia-reperfusion injury is completed. Aspirin had similar effects; however, when combined with ticagrelor, the protective effects were significantly attenuated. Ticagrelor increased the levels of several markers of stem cells and regeneration, suggesting cardiac healing by recruiting regenerative cells into the infarct.
Introduction
The PLATelet inhibition and patient Outcomes (PLATO) trial showed that ticagrelor was associated with lower incidence of cardiovascular mortality, myocardial infarction, or stroke compared with the alternative P2Y 12 antagonist clopidogrel in patients with acute coronary syndromes when given on a background therapy of aspirin [1, 2] . Although the difference was originally ascribed to better and more consistent platelet inhibition than with clopidogrel, it has been speculated that additional benefit of ticagrelor might be provided via an adenosine mediated mechanism [3] . We have previously shown that seven-day oral pretreatment with ticagrelor limits myocardial infarct size (IS) in the rat, whereas clopidogrel was ineffective [4] . This protective effect is dependent on adenosine receptor activation with downstream upregulation and activation of cyclooxygenase-2 [4] . Similar findings have been shown in pigs, where ticagrelor reduced IS measured 24h after infarction [5] . In a follow-up study using the same rat model, a single acute administration of ticagrelor just before reperfusion provided a similar reduction in IS following ischemia/reperfusion, as previously seen with longer oral pre-treatment. Again, clopidogrel had no effect [6] . In addition, the reduction in IS translated into an improved heart function 4 weeks later, as assessed by echocardiography [6] . Finally, delayed initiation of oral ticagrelor treatment, started 24h after reperfusion, provided a similar improvement in heart function 4 weeks later with limited additional protection when combined with acute pre-treatment [6] . This is intriguing, as most of the ischemia-reperfusion injury is expected to be completed 24h after reperfusion. Thus, this delayed ticagrelor treatment could hardly affect reperfusion injury per se. Therefore, the observed improved heart function may rather be related to effects on inflammation, apoptosis and remodeling post infarction. Also, others have shown that the cardioprotective effect of ticagrelor has long-term positive effects on heart function in rat [7] and pig [8] ischemia reperfusion models. In the rat, ticagrelor treatment started after coronary artery ligation and continued after infarction, reduced IS and downregulated mRNA and protein expression of galectin-3, as well as mRNA expression of TNF-α and IL-6 in the infarct area at 24 h, 3 and 7 days post infarction [7] . In the pig, ticagrelor, but not clopidogrel, started before infarction and continued for 42 days thereafter, reduced myocardial IS and improved long-term remodeling [8] . If these data translate into man, exposure of ticagrelor at the time of primary percutaneous intervention could protect against reperfusion injury and improve long-term heart function. Interestingly, the data indicate that an improved heart function may not exclusively depend on an acute cardioprotective effects, as delayed exposure to ticagrelor also could provide a long-term benefit. Currently, we do not have effective therapy to attenuate scar formation in the infarct zone and prevent progressive fibrosis and adverse remodeling of the non-infarcted zone that lead to progressive heart dysfunction and failure [9] , with the exception of aldosterone antagonists. Despite extensive research using pluripotent and stem cell implantation, results have so far been disappointing due to poor engraftment and short survival of the transplanted cells [9] [10] [11] . In the current study, we assessed whether ticagrelor, started seven days after myocardial ischemia-reperfusion injury could affect remodeling, inflammation and fibrosis. We also explored the effect of aspirin, an alternative P2Y12 antagonist, prasugrel, and the combination of ticagrelor and aspirin. As we found significant protective effects with aspirin and ticagrelor, we further examined whether these treatments could affect the number of progenitor and stem cells in the border zone of the infarct.
Platelet aggregation
Platelet-rich plasma (PRP) was prepared from blood samples collected at 28 days after infarct by centrifugation of whole blood anticoagulated with citrate dextrose at 800 rpm for 10 minutes at room temperature. Platelet aggregation were recorded after activation with 15µM ADP using a platelet aggregation profiler (PAP-8; BioData). Data are expressed as the final percent aggregation response after 6 min [4, 6] .
Enzyme-linked Immunosorbent Assay (ELISA)
Myocardial samples were homogenized and prepared in RIPA buffer (Sigma-Aldrich) containing protease and phosphatase inhibitors (Roche Diagnostics). The supernatants of the tissue lysate were collected, and protein concentration was determined by the Bradford method. Blood samples were collected using EDTA as an anticoagulant, and plasma samples were centrifuge for 15 minutes at 1000xg at 2-8°C within 30 minutes of collection. C-reactive protein (CRP) in plasma was measured using Mouse C-Reactive Protein/CRP ELISA Kit. Myocardial PGE 2 , 6-keto-PGF 1α and 15-epi-lipoxin A 4 were determined using ELISA kits. The absorbance was recorded at 450 nm with a plate reader [4, 6] .
Gene Expression Analysis by RT-PCR
Total RNA was extracted from the myocardial samples using TRIzol reagent according to the protocol per manufacturer's instruction. Two μg of total RNA from each sample was reverse-transcribed into cDNA. Equal amounts of the reverse transcriptional products were subjected to PCR amplification for gene expression analyses as previously described. Primers and probes for rat GAPDH, ANP, BNP, collagen I, collagen III, α-MHC, c-Kit, Sca-1. Ki-67 + , CD34, CD31, CD133, CD146 and CD105 were synthesized and analyzed ( Table 1 ). The Ct (threshold cycle) is defined as the number of cycles required for the fluorescence signal to exceed the detection threshold. Expression of the gene relative to the GAPDH was calculated as the difference between the threshold values of these two genes (2 -Δct ). Melting curve analysis was performed during real-time PCR to analyze and verify the specificity of the reaction. The values are given as the means ± standard error of the mean (SER) of four independent experiments. Each sample was analyzed in triplicate and normalized by GAPDH.
Immunoblotting
Myocardial tissue samples were homogenized in lysis buffer (in mM): 25 Tris·HCl (pH 7.4), 0.5 EDTA, 0.5 EGTA, 1 phenylmethylsulfonyl fluoride, 1 dithiothreitol, 25 NaF, 1 Na 3 VO 4 , 1% Triton X-100, 2% SDS and 1% protease inhibitor cocktail. Concentration of protein was determined by the Bradford method and protein were separated on gradient 4-12% Bis-Tris NuPAGE gels. Protein (50µg) was fractionated by SDS-PAGE (4%-20% polyacrylamide gels) and transferred to PVDF membranes (Millipore, Bedford, MA). Membranes were blocked with non-fat 5% dry milk in room temperature and incubated over-night (4 0 C) with anti-Ki-67, anti-c-Kit, anti-Oct4 or anti-Sca-1 antibodies. β-actin was used as a loading control. The membranes were then washed and incubated with secondary HRP-conjugated antibodies for 1h at room temperature. Bound antibodies were detected using the chemiluminescent substrate (NEN Life Science Products, Boston, MA). The protein signals were quantified with an image-scanning densitometer, and the strength of each protein signal was normalized to the corresponding β-actin signal. Data are expressed as percent relative the expression in the Sham group.
Histology
Four μm thickness sections from the left ventricular border zone of the infarction were fixed in 10% buffered formaldehyde for 24 h and embedded in paraffin. Tissue sections were stained with haematoxylin and eosin (H&E) and Masson's trichrome [14] . The cardiomyocytes are stained red and fibrosis stained blue. Fibrosis was quantified at a final magnification of ×400 with a microscope (Olympus DP71). Percent fibrosis area was analyzed using Image J analysis software, expressed as percentage of fibrosis area to the total area of each microscopic field. Eight microscopic fields of each sample were analyzed.
Apoptosis
Tissue sections from the border zone of infarction were fixed and embedded in paraffin, and apoptotic cells were detected by labeling DNA strand breaks using terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) method [6] . The total number of positive nuclei was determined by counting all the labeled nuclei present in the entire area. Ten areas were randomly selected. The apoptotic index was expressed as the ratio of positively stained nuclei to total nuclei. Images were obtained using Olympus IX71 microscope at a magnification of ×20.
Immunohistochemistry
Tissue sections were fixed in 4% formalin and embedded in paraffin. Non-specific staining between primary antibodies and tissue were blocked by incubating in blocking buffer at room temperature. Primary antibodies (anti-CD31, anti-Ki-67, anti-CD105, anti-Sca-1 or anti-Nkx2.5) were then applied according to manufacturer's instructions. The sample sections were washed and then incubated with secondary antibody according to the manufacturer's instructions.
Immunofluorescence Staining
Hearts were freeze-sectioned into 4-mm-thick-sections and fixed in 4% formaldehyde. Myocardial sections were incubated with blocking buffer (1X PBS/5% normal serum/0.3% Triton™ X-100). Anti-CD 31 http://www.abcam.com/cd31-antibody-tld-3a12-ab64543.htmland anti-c-Kit antibodies were applied to the sections followed with the fluorescence-labeled secondary antibodies. AlexaFluor 488 for CD31 and AlexaFluor 546 for c-Kit were used for visualization in the fluorescence microscope (Olympus IX71). Diamidino-2-phenylindole (DAPI) were used to stain the nuclei in the mounting medium. As positive controls for c-Kit we used adult rat spleen. As negative controls, the section sample staining was only performed with secondary antibody. To test for auto fluorescence, staining was performed without both primary and secondary antibodies. Sections were then mounted with an anti-fade mounting media and visualize using a fluorescence microscope. The relative number of cells expressing CD31 or c-Kit were counted in each field. Slides (6 hearts from each group) were counted at 40 x magnification.
Statistical analysis
Data are presented as means ± SER. Analysis of variance (ANOVA) with Sidak correction for multiple comparisons was applied to compare the different groups. Values of P <0.05 were considered statistically significant.
Results
During follow up 4 rats died, 2 in the control group, 1 in the ticagrelor+aspirin group and 1 in the prasugrel group. A total of 8, 6, 8, 8, 7, and 7 animals were analyzed at day 28 in the sham, control, ticagrelor, aspirin, ticagrelor+aspirin and prasugrel groups, respectively. At day 28 there were no differences in body weight ( Fig. 1a ) or heart rate ( Fig. 1b ) among the groups.
Heart weight (absolute weight (Fig. 1c ) or adjusted for tibial length (Fig. 1d )) significantly increased in the control group compared to the sham group. Ticagrelor and aspirin equally attenuated the increase. However, combining ticagrelor with aspirin completely blocked the effect on heart weight. Prasugrel did not affect heart weight.
ADP-induced platelet aggregation at day 28 was comparable between the sham and control group (Fig. 1e ). Ticagrelor, aspirin, ticagrelor+aspirin and prasugrel equally reduced platelet aggregation without differences among these groups. 
Heart function
LVIDd and LVEDV were comparable among the groups at baseline and 24h after infarction ( Fig. 2a and  2b ). LVIDd and LVEDV increased 14 and 28d after the infarction. This increase in LVIDd and LVEDV was attenuated by ticagrelor and aspirin but not by prasugrel. The benefit induced by ticagrelor or aspirin was abolished when the drugs were combined.
In contrast to LVIDd and LVEDV, the increase in LVIDs ( Fig.  2c ) and LVESV ( Fig.  2d ) became significant as early as 24h after infarction, without differences among treatment groups. At 14d and 28d the LVIDs and LVESV increase, induced by the infarction, was attenuated by ticagrelor and aspirin, whereas prasugrel was ineffective. The benefit effect induced by ticagrelor or aspirin. was abolished when both drugs were combined.
LVEF was decreased 24h after infarction, without significant differences among the groups ( Fig. 2e) . At 14d and 28d the decrease in LVEF was significantly attenuated by ticagrelor and aspirin, whereas prasugrel had no effect. The benefit induced by ticagrelor or aspirin was abolished when the two drugs were combined.
Thus, the effects of ticagrelor and aspirin on the parameters of remodeling and LVEF were comparable at all time points. However, when combined, the effects were attenuated.
ELISA
Myocardial levels of 6-keto-PGF 1α in the remote non-ischemic zone were not affected by the infarction but were increased by ticagrelor, whereas aspirin and prasugrel had no effect (Fig. 3a ). The increase induced by ticagrelor was completely blocked when combined with aspirin. On the other hand, myocardial levels of 6-keto-PGF 1α in the border zone of the infarct increased after infarction (Fig. 3b ). Aspirin abolished this increase, whereas ticagrelor induced a non-significant increase, which was completely blocked by aspirin in the combination group. Prasugrel had no effect on 6-keto-PGF 1α levels in the border zone of the infarction. 28d (p<0.001) after infarction. At 14d and 28d, LVIDD was significantly smaller in the TIC (p<0.001 and p<0.001) and ASA (p<0.001 and p<0.001) groups than in the Control group. However, the increase in LVIDD over time was not affected by TIC+ASA (p=0.051 and p=0.999, respectively) or PRAS (p=0.455 and p=0.186, respectively). ASA-aspirin; Cont-control; PRAS-prasugrel; TIC-ticagrelor. No significant differences were seen in the LVEDV among the groups at baseline and at 24h after infarction (p=0.844). LVEDV significantly increased in the Control group compared to the Sham group at 14d and 28d (p<0.001 and p<0.001). The increase was attenuated by TIC (p<0.001 and p<0.001 vs. control) and ASA (p<0.001 and p<0.001 vs. control), but to a lesser extent with TIC+ASA (p=0.993 and p=0.022) and not at all with PRAS (p=0.160 and p=0.291). At 24h after infarction, LVIDS increased in all groups subjected to infarction, without differences among groups. However, at 14d and 28d the increase in LVIDS was attenuated in the TIC (p<0.001; p<0.001) and ASA (p<0.001; p<0.001) compared to the Control group, whereas TIC+ASA (p=1.00; p=0.287) and PRAS (p=1.00; p=0.391) had no effect. At 24h after infarction LVESV increased in all groups exposed to infarct compared to the Sham group, without significant differences among these five groups. However, at 14d and 28d the increase in LVESV was significantly attenuated in the TIC (p<0.001; p<0.001) and ASA (p<0.001; p<0.001), but not the TIC+ASA (p=0.999; p=0.068) and PRAS (p=1.00; p=0.143) groups. A decrease in LVEF was noticed 24h after infarction in all the five groups subjected to infarction compared to the Sham group, without significant differences among them. At 14d and 28d the decrease in LVEF was significantly attenuated in the TIC (p<0.001; p<0.001) and ASA (p<0.001; p<0.001), but not in the TIC+ASA (p=0.965; p=1.00) and PRAS (p=0.978; p=1.00). Myocardial PGE 2 levels remained unchanged in the remote non-ischemic zone after infarction (Fig. 3c ). These levels were increased by ticagrelor, whereas aspirin and prasugrel had no effect. The increase induced by ticagrelor was completely blocked by aspirin. On the other hand, infarct significantly increased PGE 2 levels in the border zone (Fig. 3d) . These levels were reduced by aspirin, whereas ticagrelor and prasugrel had no effect. The reduction induced by aspirin was not affected by ticagrelor.
Infarction did not affect myocardial levels of 15-epi-lipoxin A 4 in both the remote and ischemic zone. Ticagrelor alone and aspirin alone significantly increased myocardial levels of 15-epi-lipoxin A 4 (Fig. 3e and f) , whereas the increase was completely blocked when aspirin and ticagrelor were combined. Prasugrel had no effect on myocardial 15-epi-lipoxin A 4 levels.
The infarction induced an increase in the plasma CRP levels (Fig. 3e) . The levels were equally attenuated by ticagrelor and aspirin, whereas prasugrel had no effect. The reduction induced by ticagrelor or aspirin was blocked when both drugs were combined.
Rt-PCR
Myocardial α-MHC mRNA levels were unaffected after infarction (Fig. 4a ). The levels were increased by ticagrelor and non-significantly increased by aspirin, whereas prasugrel had no effect. The increase induced by ticagrelor or aspirin was abolished when both drugs were combined.
Myocardial ANP (Fig. 4b ) and BNP mRNA levels (Fig. 4c ) both increased after infarction. This increase was attenuated by ticagrelor and aspirin, whereas prasugrel had no effect. Again, the increase induced by ticagrelor or aspirin was blocked when both drugs were combined. Myocardial collagen-I ( Fig. 4d ) and collagen-III ( Fig. 4e ) mRNA levels were both increased after infarction. This increase was attenuated by ticagrelor and aspirin, whereas prasugrel had no effect. Once more, the increase induced by ticagrelor or aspirin was blocked when both drugs were combined.
Myocardial c-Kit (Fig. 5a ), Sca-1 (Fig. 5b) , Ki-67 ( Fig. 5c ), CD34 (Fig. 5e ), CD133 (Fig. 5f ), CD44 (Fig. 5g ) and CD146 mRNA levels (Fig. 5i) were not affected by the infarction, whereas CD31 mRNA levels increased ( Fig. 5d ) and CD105 mRNA levels decreased (Fig. 5h ) 14 days after infarction. Ticagrelor increased c-Kit, Sca-1, Ki-67, CD34, attenuated the decrease in CD 105 mRNA levels, and attenuated the increase in CD31. Aspirin increased Ki-67, suppressed the increase in CD31 and, similar to ticagrelor, attenuated the decrease in CD105 mRNA levels. The increase induced by ticagrelor on c-Kit, Sca-1 and CD34 mRNA levels was attenuated in combination with aspirin. The effect of ticagrelor+aspirin on Ki67 mRNA levels tended to be attenuated compared to the effects of ticagrelor alone and aspirin alone (p=0.757). The effect of ticagrelor+aspirin on CD105 levels was significantly attenuated compared to the effects of ticagrelor alone and aspirin alone. CD133, CD44 and CD146 mRNA levels were unaffected by infarction and treatments. Prasugrel had no effect on any of these mRNA levels. Immunoblotting Myocardial c-Kit levels increased after infarction ( Fig. 6a and b) . Ticagrelor significantly increased the levels, whereas aspirin and prasugrel had no effect. Aspirin completely blocked the effect of ticagrelor. Ki-67 levels were not affected by infarction ( Fig. 6a and c) . Ticagrelor and aspirin significantly increased the levels, whereas prasugrel had no effect. The effect of ticagrelor was more pronounced compared to aspirin and was attenuated when aspirin and ticagrelor were combined. Infarct increased Oct4 levels ( Fig. 6a and d) . Only ticagrelor, but not aspirin or prasugrel further increased Oct4 levels in animals after myocardial infarction. Aspirin completely blocked the effect of ticagrelor. Infarct did not alter Sca-1 levels. Ticagrelor significantly increased Sca-1 levels, whereas aspirin and prasugrel had no effect. Aspirin attenuated the effect of ticagrelor ( Fig. 6a and e ).
Histology and Immunohistochemistry
As expected, the percent of TUNEL positive cells ( Fig. 7a and c) and extent of fibrosis ( Fig. 7b and c) increased 14 days after infarction. Both ticagrelor and aspirin attenuated the increase. However, when combined, the protective effect was attenuated. On the other hand, prasugrel had no effect on apoptosis and fibrosis.
The number of Ki-67 positive cells was higher in the border zone after infarction (Fig.  8b ). Ticagrelor and aspirin significantly increased the number of the Ki-67 positive cells with a non-significant reduction when combined. Prasugrel had no effect.
The staining volume of Nkx2.5 significantly increased in the border zone after infarction compared to the sham group (Fig. 8c ). Ticagrelor and aspirin increased the staining volume p<0.001 * of NKx2.5, without a significant difference between the treatments. Yet, the increase was significantly attenuated in the ticagrelor+aspirin group compared to ticagrelor (p<0.001) or aspirin alone (p<0.001) groups. Once more, prasugrel had no effect.
There was no increase in the number of Sca-1 positive cells 14 days after infarction ( Fig. 9a and b) . Ticagrelor, but not aspirin or prasugrel increased the concentration of Sca-1 positive cells. Aspirin significantly attenuated the effect of ticagrelor.
The concentration of CD31 positive cells significantly increased 14 days after infarction ( Fig. 9a and c) . Both ticagrelor, aspirin and their combination, but not prasugrel, prevented the increase in CD31 concentration.
The number of CD105 positive cells decreased after infarction ( Fig. 9a and d) . Ticagrelor and aspirin equally attenuated the decrease. However, this effect was attenuated when ticagrelor and aspirin were combined. Prasugrel did not alter the number of CD105 positive cells.
The number of c-Kit positive cells increased 14 days after infarction (Fig. 10) . Ticagrelor induced a further significant increase in c-Kit positive cells, whereas prasugrel and aspirin had no effect. Aspirin blocked the augmenting effect of ticagrelor.
Yet, immunofluorescent staining suggested co-localization of c-Kit with CD-31 in blood vessels and not in the cardiomyocytes (Fig. 10) . Oct4 (d.) , and Sca-1 (e.) at the border zone 14 days after infarction (7 days after starting therapy). There were 4 samples in each group. * p<0.016 vs. Cont. † p<0.001 vs. TIC. ASA-aspirin; Contcontrol; PRAS-prasugrel; TIC-ticagrelor.
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p<0.001 degree of platelet inhibition indicating a platelet independent effect of ticagrelor. This is in line with our prior studies on the effects of these drugs on IS using a similar rodent model of ischemia reperfusion injury [4, 6, 15] . At the doses used, ticagrelor, prasugrel and aspirin equally inhibited ADP-induced platelet aggregation. The combination of aspirin and ticagrelor resulted in insignificant augmentation of the effect compared to aspirin alone or ticagrelor alone. While aspirin does not directly affect the P2Y 12 receptors, previous studies have also shown that aspirin inhibits ADP-induced platelet aggregation [16, 17] . As we have previously shown both ticagrelor and aspirin increase the production of 15-epi-lipoxin A 4 , an eicosanoid derived from arachidonic acid, with potent inflammation resolution properties [4, 6, 15, 18] . However, when they are combined, the production of 15-epi-lipoxin A 4 is blocked. Prasugrel, on the other hand, did not change 15-epi-lipoxin A 4 levels. In the present study we show that ticagrelor, but not aspirin or prasugrel, increases myocardial concentrations of 6-keto-PGF 1α , the stable metabolite of prostacyclin, and PGE 2 in the remote, non-ischemic zone. Thus, it is plausible that the observed cardioprotective effects are partly mediated by the eicosanoids. However, the protective effects cannot only be attributed to anti-inflammatory properties, as CRP levels were equally reduced by the combination of ticagrelor and aspirin, whereas only the monotherapies had an impact on remodeling, fibrosis, and preservation of heart function.
Our prior data supports that the underlying cardioprotective mechanism of ticagrelor depends on activation of adenosine receptors by increased local extracellular adenosine levels, due to ticagrelor mediated inhibition of adenosine reuptake into the cells [4, 6, 15, 18, 19] . Adenosine in turn upregulate inducible nitric oxide synthase (iNOS) that activates cyclooxygenase-2 by S-nitrosylation [20, 21] . S-nitrosylation of cyclooxygenase-2 leads to production of both PGH 2 , the precursor of prostaglandins, and 15-R-HETE, the precursor of 15-epi-lipoxin A 4 . Importantly, when S-nitrosylated cyclooxygenase-2 is acetylated by aspirin, the enzyme is completely inhibited. However, when a cyclooxygenase, that is not S-nitrosylated, is acetylated by aspirin, it is activated to produce 15-R-HETE, but not PGH 2 [20] . Prasugrel does not affect adenosine uptake and thus, does not alter the production of eicosanoids by cyclooxygenase-2.
In the failing hearts a shift from α-myosin heavy chain (MHC) to β-MHC has been described [22, 23] . Beta blockers increase the expression of α-MHC after experimental myocardial infarction and improve remodeling [23] . In the present study only ticagrelor was able to increase the expression of α-MHC. Unlike α-MHC, both ticagrelor and aspirin alone, but not their combination, caused a similar attenuation of the increase in ANP, BNP, Collagen-I and Collagen-III mRNA levels. Again, prasugrel had no effect supporting a platelet independent mechanism.
As we found that ticagrelor and aspirin, but not their combination or prasugrel, started 7 days after infarction, improved remodeling, we assessed the effects of these therapies on the expression of markers of regeneration and stem cells. We found that both aspirin and ticagrelor, but not prasugrel, increased mRNA levels and cell expression of various markers of proliferation and progenitor and stem cells. However, there were several differences between the effects of aspirin and ticagrelor and more importantly, when combined, most of the effects were lost.
It has been reported that c-Kit + cells are involved in early regenerative processes in neonatal (but not adult) mouse hearts, likely via a paracrine mechanism rather that direct cell implantation and transformation to cardiomyocytes [24] . The infarct in our model resulted in an insignificant increase in the mRNA levels of c-Kit + and a significant increase in the number of c-Kit + positive cells in the heart tissue. Ticagrelor increased the expression of c-Kit + mRNA and the number of c-Kit + positive cells. This effect was blocked by aspirin. Immunofluorescent staining confirmed co-localization of c-Kit + and CD31 in blood vessel, in agreement with more recent studies reporting that c-Kit + positive cells in the heart are endothelial in nature [25] . CD31 is a marker of endothelial cells and co-localization of c-Kit + with CD31 has been previously reported [26] . Thus, our findings suggest that ticagrelor could affect angiogenesis post infarction.
Sca-1 positive cells can be induced in vitro to express both endothelial cell and cardiomyocyte markers [27] . Increased Sca-1 staining and protein levels has been reported in the mouse heart 7 days after experimental infarction [27] . Transplantation of Sca-1 positive cells improved remodeling and heart function after infarction [27] . However, there is a controversy as to whether Sca-1 positive cells can be transformed to cardiomyocytes or mainly differentiate into endothelial cells [28, 29] . Here we found that ticagrelor, but not aspirin or prasugrel increased the mRNA levels and staining intensity of Sca-1. Again, this effect was attenuated when aspirin was added to ticagrelor.
Ki-67 is a cell cycle marker that is specifically expressed in proliferating cells [30, 31] . For example, transplantation of adipose tissue mesenchymal cells conjugated with vascular endothelial growth factor (VEGF)-releasing micro-carriers increased the number of Ki-67 positive cells in the myocardium and improved left ventricular function after experimental myocardial infarction in the mice [32] . In the present study both ticagrelor and aspirin increased Ki-67 mRNA and the number of Ki-67 positive cells in the myocardium. Interestingly, combining ticagrelor and aspirin only partially attenuated the effect of each drug alone, even though they completely attenuated the increase in 15-epi-lipoxin A 4 levels, suggesting that the effect of ticagrelor and aspirin on Ki-67 upregulation might be (partially) independent of 15-epi-lipoxin A 4 .
CD31, also known as Platelet Endothelial Cell Adhesion Molecule (PECAM-1), is found on the surface of monocytes, neutrophils, platelets and some T-cells. It is also expressed in the endothelial cell intercellular junctions [33] . It is involved in angiogenesis, leukocyte transmigration and integrin activation. A mild increase in the number of c-Kit + CD31 positive cells after experimental infarction has been reported [26] . Fibroblast growth factor-9 (FGF-9) significantly increased their number after experimental myocardial infarction in the non-diabetic and diabetic mouse, suggesting increased angiogenesis [26] . However, in our experiment, CD31 mRNA and protein staining significantly increased after infarction. Moreover, both ticagrelor and aspirin blocked the increase with similar effect of their combination, whereas prasugrel had no effect. As previously described, we found that c-Kit was co-localized with CD31 (see above).
CD34 is a phosphoglycoprotein that is found in hematopoietic stem cells [34] . CD34 positive cells can transform to cardiomyocytes [28] . We found that ticagrelor, but not aspirin or prasugrel, increased CD34 mRNA levels, an effect that was attenuated when combined with aspirin. Thus, our results suggest that ticagrelor augments the recruitment of hematopoietic stem cells.
CD105, also known as Endoglin, is a membrane glycoprotein, that plays a role in angiogenesis, and is located on cell surfaces as part of the TGF-β receptor complex. Its expression is regulated during the development of the heart and endoglin deficient mice die due to cardiovascular abnormalities [35] . Multilineage differentiating stress-enduring (MUSE) cells express CD105, but not CD34, CD31, von Willebrand factor, and c-Kit, and are thus distinct from hematopoietic stem cells and endothelial precursor cells [36] . In experimental coronary artery ligation in the rat, levels of CD105 increase 3 days after infarction, then significantly decrease after 10 days and return to baseline after 17 days [37] . A similar pattern has been shown in patients after myocardial infarction as blood cell expression of MUSE CD105 positive cells increase on day 1 and 7 after infarction, compared to day 0, and then return to baseline after 14 and 21 days [38] . The number of MUSE cells in the peripheral blood in the acute phase of infarction has been shown to correlate with improved left ventricular function over time [38] . It was reported that intracoronary administration of these cells improved remodeling in patients after myocardial infarction [39] . We, on the other hand, observed significant decrease in the CD105 mRNA levels and heart tissue staining 14 days after ischemia-reperfusion injury. Both ticagrelor and aspirin increased the levels. Again, when ticagrelor and aspirin were combined, the increase was attenuated.
The Nkx2.5 gene encodes a homeobox-containing transcription factor playing a role in heart formation and development. In our model, the staining of Nkx2.5 increased in the hearts 14 days after ischemia-reperfusion injury. Both ticagrelor and aspirin significantly increased the staining volume. However, when combined, the effect was significantly attenuated. Neonatal Nkx2.5 positive cardiomyoblasts can differentiate into functional cardiomyocytes as part of normal cardiac development [40] . Treating mice with granulocyte colony-stimulating factor in combination with stem cell factor after experimental ischemiareperfusion injury increased the number of Nkx2.5 positive cells in the infarcted zone and improved left ventricular function [41] . Li and Zhang transfected bone marrow mesenchymal stem cells (BMSCs) with Nkx2.5 and injected the cells to the periphery of myocardial infarction in rabbits. They reported that these cells were able to significantly enhance the ability to repair, and mitigate myocardial cells death, providing improved recovery [42] . Chen et al. reported that A83-01, a type 1 TGFβ receptor inhibitor, significantly increased the number of Nkx2.5 positive cardiomyoblasts at baseline and after myocardial injury in a mouse model of myocardial infarction. Treatment increased the number of newly formed cardiomyocytes, resulting in improved left ventricular elastance and stroke work [43] . On the other hand, Deutsch et al. concluded that myocardial infarction reactivates Nkx2.5 expression. However, the cells expressing Nkx2.5 resemble cardiofibroblasts and do not contribute to myogenesis [44] .
Octamer-binding transcription factor 4 (Oct4) mediates pluripotency in embryonic stem cells and mesenchymal stem cells [45] . Cardiac differentiation of bone marrow stem cells was associated with downregulation of Oct4 expression [46, 47] . Thus, the increase in Oct4 signifies recruitment of pluripotent stem cells.
Currently, we do not have effective therapies to prevent scar formation in the infarct zone, to attenuate progressive fibrosis and adverse remodeling of the non-infarcted zone after myocardial infarction [9] . Results from studies implanting various pluripotent and stem cells have been disappointing so far due to low engraftment and short survival of the transplanted cells [9] [10] [11] . There have been attempts to improve survival using various growth factors and RNA based therapy; however, significant breakthroughs have not been achieved [9, 10] .
Conclusion
In conclusion, both ticagrelor and aspirin, started one week after experimental myocardial ischemia-reperfusion equally attenuated post-infarction adverse remodeling and preserved left ventricular systolic function in the rat, whereas prasugrel had no effect. However, when ticagrelor and aspirin were combined, the protective effect was lost. This effect cannot be attributed to the antiplatelet effects of the agents, as prasugrel had no effect despite providing equally effective platelet inhibition. As the combination of ticagrelor and aspirin reduced CRP levels to a similar extent as the monotherapies but had no cardioprotective effect, observed anti-inflammatory properties cannot fully explain the effects on remodeling and heart function. There were several important differences between ticagrelor and aspirin. While both equally reduced ANP, BNP, Collagen-I and Collagen-III levels, only ticagrelor increased α-MHC mRNA levels. Moreover, only ticagrelor increased c-Kit, Sca-1 and CD34 mRNA levels and c-Kit, Ki-67 and Sca-1 protein levels. Although immunohistochemistry showed that ticagrelor and aspirin equally increased the number of Ki-67 positive cells, immunofluorescence staining suggested that only ticagrelor enhanced the number of cells positive for both c-Kit and CD31. We cannot exclude that some of the favorable effects of ticagrelor and aspirin are mediated by eicosanoids. Especially those effects that are attenuated when ticagrelor and aspirin are combined. However, further investigations are needed to establish direct cause and effect relations.
Our data support that ticagrelor, possibly by inducing a local increase in extracellular adenosine levels, can augment reparative mechanisms that 1) attenuate adverse remodeling and fibrosis and 2) increase cell proliferation and stem cell recruitment. Together this drives cardioprotection as evident by improved heart function and may provide an alternative approach to stem cell therapy. As aspirin attenuated the cardioprotective effects of ticagrelor, our data challenges that added benefit of aspirin in combination with ticagrelor. There is a concern that numerous successful interventions in animal models of cardioprotection do not translate to meaningful benefit in the clinical setting [48] . Clearly, the rodent heart is more capable of regeneration compared to the human heart [24] . Thus, it is unclear whether the current effects can be replicated in the clinical setting. To what extent our findings translate to humans needs to be further explored in clinical studies.
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